A study was conducted to investigate the subjective responses to steering wheel vibration caused by the electric power steering. The objective was to correlate the subjective responses to a measurable parameter that can be used to assess various design alternatives. Evaluations of six steering wheel vibration levels were performed in a stationary vehicle. Two rating methods were used. Results showed a wide range of acceptability of steering wheel vibration over the conditions evaluated. RMS angular acceleration and peak to peak torque at the steering wheel shaft correlated best with subjective ratings.
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INTRODUCTION
Electric power steering systems can generate noise [1] and vibration. The subject of this paper is vibration felt at the steering wheel. The steering vibration of interest is that caused by the motor and transmitted through the steering shaft to the steering wheel. Such motor vibration is typically periodic and synchronous to the motor shaft rotation. It occurs at low handwheel speeds and is low in frequency.
It was desired to quantify the level of steering wheel vibration and establish correlation to subjective ratings. The resulting objective measures can then be used to assess various designs.
SUBJECTIVE EVALUATIONS
VEHICLE SETUP -To improve ratings, a stationary vehicle was used to allow the evaluators to focus on the steering wheel vibration. In addition, a stationary vehicle typically represents the worse case condition due to the absence of road-induced noise and vibration. Six levels of in-vehicle steering wheel vibration were obtained by modifying the signal qualities to the steering system controller. Vibration levels ranged from low to high. With the engine idling, forty-two people evaluated the vehicle, including NVH experts and non-experts. Participants evaluated each condition at their convenience in half day segments, spanning three days for all six conditions. RATING METHODS -Evaluators were asked to rotate the steering wheel slowly at the speed that created the maximum vibration, then provide their judgements. Two methods of rating the in-vehicle handwheel vibration were utilized. The first method was word category scaling [2, 3] . Here, the participant chose one of seven boxes labeled from extremely unacceptable to extremely acceptable. The boxes were later assigned numbers from -3 to +3 for analysis and averaged across all subjects for each vibration level.
Magnitude estimation [4, 5] was the second evaluation method used and employed a reference vehicle. The reference vehicle was the same model and color car as the vehicle under study and remained unchanged. Participants were asked to estimate the magnitude of acceptability of the vibration relative to a reference vehicle, arbitrarily given a 100. For example, if the vibration was believed to be twice as acceptable as that on the reference vehicle, a magnitude of 200 was given. The responses from each subject were then transformed using two techniques. The first technique consisted of calculating the range for each subject, then converting each score to a percentage scale. The normalized scores were then averaged for each of the six conditions evaluated. The second transformation consisted of taking the logarithm (base 10) of each score, then averaging for each of the six conditions.
RESULTS
WORD CATEGORY SCALE -Word category scale results are shown in Figure 1 below. As can be seen, results ranged from very acceptable vibration to very unacceptable. Vertical lines represent 95% confidence intervals. Minimal overlap of the intervals exists, with the exception of conditions F and E. MAGNITUDE ESTIMATION - Figure 2 shows the magnitude estimation results for the average percentage scores, including the 95% confidence intervals. As observed in the word category scale results, conditions F and E are almost completely overlapped, indicating the two conditions had about the same level of perceived vibration. Figure 3 shows the results for the average logarithm scores, very similar to the average percentage results with the exception of condition A being spaced a relatively shorter distance from condition B. To test the hypothesis of equality among the means, a one-way ANOVA (analysis of variance) was performed. For an alpha of 0.05, the critical F value, F crit , is 2.26. Table 1 below shows that the F values for the subjective data are above the critical value and result in p-values < 0.001. Thus for each of the three subjective results, there is significant evidence that the mean responses for all conditions are not all equal.
OBJECTIVE MEASUREMENTS -A unique characteristic of the handwheel vibration is the frequency fluctuation. The changes in frequency occur because the person steering the handwheel cannot rotate it at a constant speed. Thus, the periodic signals are smeared in frequency when looking at the power spectra. Techniques using order tracking have also not been successful due to the rapid rate of speed changes. Therefore, time domain based techniques were investigated. Measurements were performed of torque and angular acceleration (Figure 4) . Torque was measured using a test handwheel with an inertia matched to that of the original handwheel. A torque sensor was placed between the test handwheel and the steering shaft. Data from the torque sensor was collected while steering the handwheel. The handwheel was rotated at a slow speed beginning with the front wheels straight ahead and rotating into the left corner. Tangential acceleration was measured using two accelerometers placed on the test handwheel 180 0 out of phase. To minimize the effect of translational vibration, the tangentially mounted accelerometers were converted to angular acceleration and averaged. The following metrics were calculated for a one second interval while steering the front wheels into the left stop:
1. Peak to peak torque 2. RMS torque 3. RMS angular acceleration Figure 5 is an example scatterplot showing rms angular acceleration versus the magnitude estimation ratings.
MODEL RESULTS -Several models were developed. The first model was used to predict the subjective ratings based upon measurements of torque and acceleration, as shown below.
R 2 (coefficient of determination) values for the model type above are shown in Figure 6 . Measured values were used to predict the word category and magnitude estimation responses using peak to peak torque, rms torque, and rms angular acceleration. As can be seen, similar R 2 results were obtained for each of the measured values. The measured values correlated better with the word category and average logarithm subjective results than the average percentage subjective results. Metrics are not shown that resulted in significantly lower correlation. In particular, the correlation between the word category results and the peak to peak torque ripple with the front wheels pointing straight ahead gave R 2 equal to 0.78, lower than using the torque ripple with the wheels in the corner as shown in Figure 6 Thus worstcase vibration measurements correlated higher to ratings.
CONCLUSION
A study was undertaken to quantify the subjective ratings of steering wheel vibration. In-vehicle subjective evaluations were performed on six levels of steering wheel vibration. Both word category scaling and magnitude estimation methods were used. Subjective results were correlated to measurements of torque and angular acceleration. Results showed a range of range of vibration from very acceptable to very unacceptable. Time-domain measurements of torque and acceleration correlated best with subjective ratings. Torque and accelerometer measurements obtained during the worse case condition were the best predictors of annoyance.
